Abstract. The hydrologically based three-layer variable infiltration capacity (VIC-3L) land surface model with a new surface runoff model is applied to simulate streamflow for the Hanjiang River basin in China. The required soil parameters are derived from the soil classification information of global 5 min data provided by the National Atmospheric and Oceanic Administration (NOAA) Hydrology Office, the vegetation parameters are derived based on advanced very high resolution radiometer (AVHRR) and land data assimilation system (LDAS) information, and the forcing data are obtained through interpolation methods based on 740 meteorological stations. All of the data (i.e., soil, vegetation, and forcings) required by the VIC-3L model are compiled at 25 km × 25 km resolution for the Hanjiang River basin, and the daily forcing data are available for the period of 1980-1990. The VIC-3L model is applied to the Hanjiang River basin, and the VIC-3L simulated daily runoff is routed to the outlets of six streamflow stations and compared with the daily and monthly observed streamflow at the stations. The results show that the model can simulate the observations well. 
Introduction
The Hanjiang River, located in central China, is the longest tributary of the Yangtze River, with a total watercourse length of 1577 km and a drainage area of 159 000 km 2 (see Figure 1) . Elevation within the watershed ranges from 20 m above mean sea level at the watershed outlet to 3408 m above mean sea level at the top of the watershed divide (see Figure 2) . The watershed has a subtropical monsoon climate and is rich in water resources. Annual average precipitation is approximately 873 mm, and average annual runoff is approximately 425 mm, of which 75% is concentrated from May to October. Danjiangkou Reservoir (Figure 1) , which is situated in the upstream reaches of the Hanjiang River, has a volume of about 1.74 × 10 10 m 3 and a water surface area of greater than 800 km 2 . Because of its ample available water, the Hanjiang River is selected to serve as the middle route in the south to north water diversion megaproject to alleviate water shortages in northern China around Beijing, Tianjin Municipality, and Hebei Province. This middle route will transfer water from the Danjiangkou Reservoir along the Hanjiang River to north China. It is predicted that in the year 2050 about 1.30 × 10 10 m 3 of water can be diverted to Beijing and Tianjin and to other provinces such as Shanxi, Henan, and Hebei in north China. Thus the Hanjiang River basin has become an important region for implementing the south to north water diversion megaproject and attracts many researchers to study its water cycle. A range of hydrological models has been developed and applied to the Hanjiang River. For instance, Guo and Jin (1997) used a regression model to analyze the current state of water resources and its potential state in the future owing to the water diversion project for the upper area of the Danjiangkou Reservoir. Wang and Guo (2000) applied the Xin'anjiang monthly runoff model, the Belgium water balance model, and the two-parameter water balance model to study the monthly runoff simulations for the watershed. Yuan et al. (2003) employed neural network techniques to study the daily discharges. However, these models are either black-box-based or conceptually based hydrological models under the water balance framework and have three important limitations: (i) the effects of vegetation are not considered explicitly, (ii) the energy budget is neglected, and (iii) they lack the ability to couple with a climate model. Macroscale hydrological models that belong to the category of surface vegetation atmospheric transfer scheme (SVATS) can partially overcome the aforementioned shortcomings. The three-layer variable infiltration capacity (VIC-3L) model (Liang et al., 1994; 1996; Cherkauer and Lettenmaier, 1999; Xie et al., 2003 ) is a hydrologically based land surface model belonging to SVATS. In particular, the VIC-3L model considers both energy and water balances and explicitly represents the effects of multiple vegetation covers on water and energy budgets. The VIC-3L model also incorporates the representation of subgrid spatial variability of precipitation with the representation of spatial variability of infiltration to simulate energy and water budgets (e.g., energy fluxes, runoff, and soil moisture). It includes both the saturation and infiltration excess runoff processes in a model grid cell with a consideration of the subgrid-scale soil heterogeneity (Liang and Xie, 2001 ) and the frozen soil processes for cold climate conditions (Cherkauer and Lettenmaier, 1999) . Recently, Liang et al. (2003) added a groundwater parameterization to the VIC-3L model to dynamically simulate surface and groundwater interactions. Yang and Xie (2003) reduced the number of numerical layers used in Liang et al. without significant loss of accuracy. In this application, we use the version of the VIC-3L model that does not include the surface and groundwater interaction module.
The VIC-3L model has been tested and applied to various basins of different scales with good performance (e.g., Nijssen et al., 1997; Wood et al., 1997; Liang and Xie, 2001; Parada et al., 2003) and has performed well under humid and cold conditions in the various phases of the project for intercomparison of land surface parameterization schemes (PILPS) (e.g., Chen et al., 1997; Wood et al., 1998; Liang et al., 1998; Lohmann et al., 1998; Bowling et al., 2003; Nijssen et al., 2003) . Liang and Xie (2001) and Parada et al. (2003) showed that the performance of the VIC-3L model under drier conditions could be improved with the inclusion of the new representation of the infiltration excess runoff mechanism. Recently, the VIC-3L model has been applied to watersheds in China. Su and Xie (2003) applied the VIC-3L model to assess the effects of climate change on runoff in arid and semiarid regions in China with encouraging results.
Remote sensing information is an important available data source and can be used effectively in a wide range of studies to investigate various issues related to the water cycle and water resources. Many hydrologists have used remote sensing information to define vegetation classifications (Jens et al., 2001; Etchevers et al., 2001; Beate and Uwe, 2002) . In addition, remote sensing has been widely used in runoff computation, parameter estimation, and studies of impacts of climatic change on water dynamics. This paper presents an application of the VIC-3L model with remote sensing data to simulate runoff for the Hanjiang River basin at a spatial resolution of 25 km × 25 km. The required soil parameters are provided by the National Atmospheric and Oceanic Administration (NOAA) Hydrology Office, and the vegetation parameters are derived from advanced very high resolution radiometer (AVHRR) and land data assimilation system (LDAS) information. Combined with a routing scheme, the VIC-3L model is applied to six subcatchments in the upstream region of the Hanjiang River basin. The modelsimulated streamflows are compared with the daily and monthly observations with encouraging results.
The paper presents the following: (i) description of the vegetation and soil parameters, VIC-3L model parameters, and forcing data required by the VIC-3L; (ii) VIC-3L model simulations and a discussion of the results; and (iii) preliminary conclusions.
Data and model parameters
The VIC-3L model requires three types of data information, namely vegetation, soil, and forcing data, among which vegetation datasets are deduced from the remote sensing data source. In this study, vegetation, soil, and forcing data needed to apply the VIC-3L model are prepared at 25 km × 25 km resolution for the Hanjiang River basin. Preparation of each dataset is described as follows.
Vegetation dataset
The vegetation dataset at 25 km × 25 km resolution is derived based on AVHRR and LDAS information. AVHRR provides information on global land classification at 30 s resolution (Hansen et al., 2000) . 
Soil dataset
The classification of soil texture over the Hanjiang River basin (see Figure 4) is based on the information of global 5 min soil data provided by the NOAA Hydrology Office and the data are re-gridded to 25 km × 25 km resolution. The individual soil parameters needed by VIC-3L, such as porosity θ s (m 3 m -3 ), saturated soil potential ψ s (m), saturated hydraulic conductivity K s (ms -1 ), and the exponent b, are then derived based on the work of Cosby et al. (1984) and Rawls et al. (1993) . Table 2 shows the soil classification and the corresponding values of soil parameters used in the VIC-3L model.
Forcing dataset
The forcing data needed by the VIC-3L model at the 25 km × 25 km resolution are obtained through interpolation methods based on 740 meteorological stations, which contain 11 years of daily precipitation and air temperature data from 1980 to 1990. Such station information is mapped to the resolution of 25 km × 25 km grids by combining the following two interpolation methods: (i) minimum distance method in which the value observed at the nearest rain gauge station is taken as the mean value of a grid cell to be studied; and (ii) linear interpolation weighted by the distance between the rain gauge and the grid cell of interest. For these interpolation methods, the influence of topography is not considered. In a further study, a suitable method should be chosen to make up for this defect, for example by considering elevation as a factor in the interpolation.
VIC-3L model parameters
In general, before conducting numerical simulations, six model parameters of the VIC-3L model need to be calibrated because they cannot be determined well based on the available soil information. These six model parameters are the depths of the upper and lower soil layers (d i , i = 2, 3); the exponent (B) of the VIC-3L soil moisture capacity curve, which describes the spatial variability of the soil moisture capacity; and the three subsurface flow parameters (i. 
Numerical simulations
The vegetation, soil, and forcing data described in the section "Data and model parameters" are applied to the VIC-3L model to simulate evapotranspiration, runoff, and soil moisture at each grid over the Hanjiang River basin from 1980 to 1990 and at each grid over the six subbasins of the Hanjiang River basin for the period of 1980-1986. The simulated runoff at each grid is then routed to the outlets of Hanzhong, Madao, Wuhouzhen, Chadianzi, Tiesuoguan, and Yuandun stations in the upstream region of the Hanjiang River basin through the unit hydrograph method for overland flow and the Muskingum method (Cunge, 1969) for channel flow. The routed daily runoff and the corresponding aggregated monthly runoff at these stations are compared with the daily and monthly observed streamflows, respectively.
Runoff simulations over the entire region of the Hanjiang River basin
The VIC-3L model is applied to 295 grid cells that make up the Hanjiang River basin from 1980 to 1990 without calibrating the five VIC-3L model parameters. Daily runoff (in millimetres) series of each grid cell are generated. Figure 5 shows the distribution of mean annual precipitation from the grid-based forcing data described in the section "Data and model parameters". Figure 6 shows the distribution of modelsimulated mean annual runoff. The spatial patterns of the simulated mean annual runoff shown in Figure 6 are consistent with those of mean annual precipitation in Figure 5 .
Because of the absence of observed data for evaporation, soil moisture, and runoff for any grid cell within the study region, the model-simulated results cannot be evaluated quantitatively at the grid level. Streamflow (in m 3 /s) is arguably the most easily measured and best documented component of the regional water budget. Thus, it can offer partial evaluations on the performance of the model simulations.
Streamflow simulations for the area controlled by the Hanzhong streamflow station
The area controlled by the Hanzhong streamflow station is selected for initial validation of the VIC-3L model runoff simulations. This area covers 9329 km 2 and has six streamflow stations and 50 rain gauges as shown in Figure 7 . Based on the rainfall data record from the 50 rain gauges over the period of 1980-1986, this area has remarkable spatial variations in rainfall distribution. The mean annual precipitation at Lianhuadong gauge, south of the Hanzhong streamflow station, is 1876 mm, whereas it is only 742.8 mm at the Wangjialeng gauge located to the north of the Hanzhong streamflow station. In particular, the annual rainfall in 1986 at the Wangjialeng station is less than 497 mm. The northern part of the Hanzhong watershed is characterized by a semiarid climate, whereas the southern part of the watershed is humid. In the application to the Hanzhong watershed, the six VIC-3L model parameters are calibrated. The VIC-3L model simulated runoff at each grid is routed to the outlets of the six discharge stations through a unithydrograph method for overland flow and the Muskingum method for channel flow.
The following two criteria were selected for model calibration: (i) relative error (E r in percent) between the simulated and observed mean annual runoff, defined as
where Q c and Q o are the simulated and observed mean annual runoff (mm), respectively; and (ii) the Nash-Sutcliffe coefficient (C e ) (Nash and Sutcliffe, 1970) , defined as
Because daily discharge data are available only for the period 1980-1986, daily streamflow simulations from 1980 to 1986 are obtained from the VIC-3L model combined with the routing scheme. The results show that the Nash-Sutcliffe coefficients for the entire period (1980) (1981) (1982) (1983) (1984) (1985) (1986) on the daily discharges are 0. 844, 0.852, 0.797, 0.780, 0.641, and 0.611 for the Hanzhong, Madao, Wuhouzhen, Chadianzi, Tiesuoguan, and Yuandun stations, respectively. Figure 8 shows a comparison between observed and simulated daily discharges at Hanzhong, Madao, Wuhouzhen, Chadianzi, Tiesuoguan, and Yuandun stations for the period 1 January to 31 December 1983, in which the corresponding Nash-Sutcliffe coefficients are 0. 819, 0.846, 0.829, 0.807, 0.711, and 0.663, respectively . The corresponding precipitation time series are also shown in Figure 8 , which shows that the VIC-3L model can simulate the daily streamflow well.
Monthly hydrographs at the six stations from 1980 to 1986 are also compared and shown in Figure 9 . The Nash-Sutcliffe coefficients for the period 1980-1986 are 0.896, 0.887, 0.914, 0.933, 0.896, and 0.869 for the Hanzhong, Madao, Wuhouzhen, Chadianzi, Tiesuoguan, and Yuandun stations, respectively. Figure 10 shows 7-year mean monthly hydrographs for each of the six stations. Figures 9 and 10 indicate that there is good agreement between the observed and simulated monthly streamflows over the studied region. Table 3 shows monthly summary results for the six subwatersheds. The values of C e are high, ranging from 0.869 to 0.933, and the absolute E r values are low (less than 5%), indicating that the VIC-3L model can reproduce monthly streamflows quite well for the Hanzhong area (9329 km 2 ). There are some errors in simulating streamflow, however, and the probable reasons for the errors are as follows:
(1) The accuracy of the precipitation data -It is well known that rainfall plays an important part in hydrological processes modeling. The spatial variability of precipitation is very significant for runoff computation.
In the Hanzhong watershed, the input rainfall data are interpolated based on data from 50 rain gauges, which can potentially result in lowering the modeling performance. One approach to this problem is to use rainfall data with high spatial and temporal resolutions, such as radar-measured data.
(2) The observed streamflow processes used to calibrate the model parameters may include some human activities such as water diversion, irrigation, and reservoirs that affect the accuracy of runoff simulation -In the future, models considering the spatial heterogeneity of precipitation and the impacts of human activities should be included in the VIC-3L model to improve modeling performance.
Conclusions
This study describes the framework of applying the VIC-3L model to conduct hydrological simulations for the Hanjiang River basin. Vegetation, soil, and forcing datasets are produced at a 25 km × 25 km grid resolution over the Hanjiang River basin. Daily forcing data from 740 stations for the period 1980-1990 are mapped to each grid through the interpolation methods. The VIC-3L model is applied to each of the 295 grids for the period 1980-1990. The results show that the spatial distribution of the mean annual simulated runoff is in accord with that of the mean annual precipitation. The comparisons between observed and simulated daily and monthly streamflows at six discharge stations in the upstream region of the Hanjiang River reveal that the model performs well in terms of the Nash-Sutcliffe model efficiency coefficient and the relative error of runoff depth. The VIC-3L model can generally reproduce the daily and monthly streamflow for the study watershed.
As an interface to regional climate models or general circulation models, the VIC-3L model can predict future water resources according to the climate scenario forecasted by climate models. As a result, the VIC-3L model is of theoretical value and practical significance to a greater understanding of land-atmosphere interaction mechanisms, water resources management, and flood prevention within the basin.
Runoff concentration is closely related to vegetation and soil texture. Vegetation and soil heterogeneity play an important role in determining surface water budget. Therefore, considering vegetation, soil, and their heterogeneity is essential to a reasonable representation of hydrological processes. In this paper, distributed vegetation and soil datasets in the VIC-3L model are derived from remote sensing data. Model results show that remote sensing data appear to be a feasible way of improving the input data to the model, and this may potentially lead to improvements in the model performance. 
